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A COMPARISON OF FUEL SPRAYS FROM SEVERAL TYPES OF INJECTION NOZZLES
By Dana W. LEB

SUMMARY

A series of tests was made of the sprays from 14 fuel-
injection nozzles of 9 different types, the sprays being
injected into air at atmospheric density and at 6 and 14
times atmospheric density. High-speed spark photo-
graphs of the sprays from each nozzle at each air density
were taken at the rate of 2,000 per second, and from them
were obtained the dimensions of the sprays and the rates
of spray-tip penetration. The sprays were also injected
against plasticine targets placed at different distances
from the nozzles, and the impressions made in the
plasticine were used as an indication of the distribution
of the fuel within the spray. Cross-sectional sketches of
the diffcrent types of sprays are given showing the relative
sizes of the spray cores and envelopes. The: character-
isties of the sprays are compared and discussed with
respect to their application to various types of engines.

INTRODUCTION

Since the development of the N. A. C. A. spray-
photographic apparatus, a large number of spray
photographs have been reproduced in various technical
publications of the Committee. Some of these publi-
cations being concerned chiefly with engine per-
formance, the spray photographs were used in connec-
tion with the description of the fuel-injection system
of the engine. Other publications have dealt entirely
with certain characteristics of fuel sprays,.such as the
rate of spray-tip penetration, spray cone angle, atomi-
zation and distribution of the fuel; and with the effects
on the spray characteristics of such factors as nozzle
design, injection pressure, physical properties of the
fuel, density and velocity of the air into which the
injections took place. The purpose of the present
report is to summarize many of these previously
reported tests and to present and discuss the results of
some recent tests made with nine different types of
nozzles. These recent tests were made under the same
conditions for each nozzle so that the results might be
directly compared.

The list of references given at the end of this report
includes most of the N. A. C. A. technical papers in
which spray photographs appear; with each reference

is combined & short summary of the portion concerned
with fuel-spray characteristics. The first Committee
publications containing fuel-spray photographs ap-
peared in 1926; the present report was prepared in
1934. All the photographs and data presented were
obtained at the N. A. C. A. engine-research labora-
tories at Langley Field, Va.

APPARATUS AND TEST PROCEDURE

Sketches of the various types of nozzles used to pro-
duce the sprays discussed in this report are shown in
figure 1. The plain nozzles having cylindrical orifices
are similar to those used in previous investigations at
this laboratory. The seat angle is 150° and the angle
of the conical approach to the orifice is 60°. Three
nozzles of this type were tested, two having orifice
diameters of 0.020 inch and orifice lengths of 0.010 and
0.100 inch, and one having an orifice diameter of 0.060
inch and 2 length of 0.180 inch.

The lip nozzle has an orifice diameter of 0.014 inch
and an orifice length-diameter ratio of 2. The angle
between the axis of the fuel jet and the surface of the
lip on which it impinges is 45°.

Two impinging-jets nozzles were used, one having 2
orifices each 0.020 inch in diameter, and the other
having 4 orifices each 0.030 inch in diameter. In the
4-orifice nozzle (not shown in fig. 1) the plane through
2 of the orifices is at right angles to that through the
other 2, all 4 jets meeting at a common point. The
angle between opposite jets is 74° in each case.

The annular-orifice nozzles differ from the others in
that the seating surfaces also form the discharge
orifices, which therefore vary in area with the injection
pressure. 'Two nozzles of this type were tested; they
had spray cone angles of about 45° and 125°.

The pintle nozzle combines some of the characteris-
tics of the plain and the annular-orifice nozzles. The
enlarged views of the orifice show the valve stem lifted
0.015 inch and 0.038 inch, these values having been
found to be of particular interest.

The multiple-orifice nozzle has six orifices in one
plane. The two center orifices have diameters of 0.019
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(h) Slit nozzle. 8lit, 0.008-inch wide.

(d) Nozzle with an annular orifice of
varying area. Spray cone angle, 45°.

(1) Centrifugal nozile.

(¢) Nozzle with an annular orifice of
varylng area. Spray cone angle, 125°. () Nozzle with helical grooves in the orifice walls.

§ Enlarged views of pintle-nozzle orifice, ‘showing
() Pintle nozxle, showing valve stem  valve stem lifted 0.015 inch (left) and 0.038 inch
seated. (right).

FI1GCRE 1.—8ketches of the nine types of nozzles.
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inch, the next two 0.014 inch, and the outer two 0.008
inch. The length of each orifice is twice its diameter.
The orifice of the slit nozzle is 0.008 inch wide and
0.085 inch long. It was formed by making a saw cut
across the end of the nozzle, just deep enough to cut
into the bottom of the cylindrical well below the stem
“Seat.

A combination nozzle (not shown in fig. 1) ‘was
constructed by cutting a 0.005-inch slit across the end
and through the center of each orifice of a multiple-
-orifice nozzle like the one shown in the figure.

The centrifugal nozzle is the same as the plain nozzle
except that the fuel passes through helical grooves on
the valve stem, thus acquiring a whirling motion before
it goes through the cylindrical orifice. There are four
grooves on the valve stem, the helix angle is 30°, and
the total area of the grooves and clearance space is
0.00052 square inch. The diameter of the orifice is
0.020 inch and its length is 0.010 inch.

The ninth type of nozzle has a large cylindrical orifice
on the walls of which are cut two helical grooves. The
diameter of the orifice is 0.040 inch; its length is 0.060
inch. The grooves have a square cross scction, ‘are
0.010 inch on & side, and each makes one complete
revolution. . ‘ .

All the nozzles except the two having annular ori-
fices were used in automatic differential-area injec-
tion valves similar in principle to that shown in figure
2 (a). The stems of these valves slide in the valve
bodies with lap: fits; fuel under pressure enters the
valves below the lap and lifts the stems against the
force of helical springs bearing on them above the lap.
As soon as the stem is lifted from the nozzle seat, fuel
begins to flow through the nozzle and an additional
stem area is exposed to the fuel pressure so that the
stem lifts rapidly. When the fuel pressure drops at
the end of the injection period, the spring quickly
returns the stem to its original position; but there
frequently follows a series of bounces of the stem
caused either by the elasticity of the parts or by
pressure waves set up in the fuel in the injection tube
by the sudden stoppage of the flow. (See references
1 and 2.) These bounces result in secondary fuel dis-
charges that follow the main disharge. ‘ .

The annular-orifice nozzles are built integrally with
their injection valves. A sketch of the wvalve that
produced the sprays with cone angles of 45° is shown in
figure 2 (b). The seat on. the valve stem is held
against that on the valve body by a helical spring
around the upper end of the stem. Iuel enters the
spring chamber and passes down along the valve stem
to the nozzle. When the.force exerted by the fuel on
the enlarged end of the stem exceeds that of the
spring, the valve opens. No additional area .being
uncovered by the opening of the valve, the stem
motion is not accelerated as is the case with the differ-

ential-area valves, and the opening and closing are
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relatively slow. A sketch of the injection valve with
an annular orifice that produced the sprays with cone
angles of 125° is shown in figure 2 (¢). The elastic
deflection of the valve parts is sufficient to open the
orifice.

All of the injection valves except the two with annu-
lar orifices were equipped with screw stops to limit the
lifts of the valve stems, but it was only for the tests
with the pintle nozzle that such a stop was used. In
all other tests the stop was removed so that the stem
was lifted by the fuel pressure until the force due to
that pressure was balanced by the opposing spring
force.

As the injection system of the N. A. C. A. spray-
photographic apparatus has been described in reference
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(a) Valve with a differential-area spring-loaded
lapped stem. Constant orifice area.

(b) Annular-orifice valve with spring-
loaded stem. Variable orifice area.
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all tests, but the injection period varied somewhat
with the different types of valves and nozzles, an aver-
age value being about 0.004 second. Although this
injection period is longer than would be used in
modern high-speed engines, it was adopted for these
tests because it allowed the sprays to become fully
developed before cut-off. The viscosity of the Auto-
Diesel fuel used for the tests described in this report
was 0.055 poise at 20° C. and atmospheric pressure.

The test procedure followed for each of the 14 noz-
zles was as follows:

1. Spark photographs were taken with the N. A.
C. A. spray-photographic apparatus (reference 3) show-
ing the development of the sprays in air at room tem-
perature and at densities ! of 1, 6, and 14 atmospheres.
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(c) Springlezs annalar-orifice
valve. Varlable orifice area.

F1GURE 2.—S8kefches of the thres types of injection valves,

2, only a brief mention of its characteristics will be
necessary here. Tuel under pressure in a large reser-
voir is released to the injection tube by a mechani-
cally operated needle valve. Another valve termi-
nates the injection period by opening the injection
tube to the atmosphere. Only one injection can be
made without resetting the apparatus. With certain
exceptions detailed later, the following settings of the
injection system were observed for all tests: reservoir
pressure, 4,000 pounds per square inch; valve-opening
pressure, 3,500 pounds per square inch; initial pressure
in the injection tube, 1,500 pounds per square inch.
The setting of the cams controlling the time during
which the fuel under pressure in the reservoir was
released to the injection valve remained the same for

When the spray was nonsymmetrical about the axis,
two sets of photographs were taken, the nozzle being
rotated 90° between sets.

2. The rate of spray-tip penstration and the width
of the spray at different distances from the nozzle were
measured from the photographs.

3. Individual discharges from each of the nozzles
were caught and weighed on an analytical balance.

4. The sprays were injected against smoothly sur-
faced pieces of plasticine placed at various distances

1 Values of air density are given in this report as atmospheres, that Is, as so many
times the density of ““standard” air (0.0765 pound per cuble foot). Although not
conventional, this term i3 ¢convenlent, inasmuch as the values are the sams as those
of the engine compression ratios giving equal air densities at top center. Alir densi-
ties equal to thoss In engines are used rather than the corresponding alr pressures,
for it has beon shown in reference 4 that changing the alr density has a much greater
effect on the spray characteristics than changing the afr pressure.
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from the nozzles, in air at the three previously men-
tioned densities. The impressions made by the sprays
in the plasticine served as an indication of the distri-
bution of the fuel within the sprays.

5. Cross-sectional sketches of the sprays were made
showing the relative sizes of the spray cores and enve-
lops. The dimensions for the cores were obtained
from the impressions in the plasticine and those for
the envelops from the spray photographs. In the
preparation of these sketches the sprays were arbitra-
rily divided into three regions: (1) the inner region,
where the velocity and concentration of the fuel is
sufficient to cause it to penetrate the plasticine to o
depth of one-eighth inch or more (represented by solid
black); (2) the intermediate region, where the fuel pen-
etrates the plasticine less than one-eighth inch (repre-
sented by lines); and (3) the outer region, where the
fuel makes no impression in the plasticine (represented
by dots). Actually the two inner regions are not dis-
tinet but blend into one another and constitute what
is referred to as the ‘“‘spray core.” The division be-
tween the core and the outer region, which is referred
to as the “spray envelop,” is distinet in most cases
although it is not so sharp as represented in the
sketches. The directions of the lines in the middle
regions are not intended to indicate the directions of
the motion of the fuel drops, and the spacing of the
lines only approximately represents the depths of the
impressions in the plasticine at the corresponding
points. No attempt was made to represent the dis-
tribution of the fuel in the envelops.

A close examination of the photographs made with
the high-speed photographic apparatus will show that
there is some blurring of the image caused by the
motion of the fuel during the time of the spark dis-
charge. The spark circuit described in reference 5
produces single sparks of such a short duration that
spray photographs taken with its light are not blurred.
This circuit was used to photograph the early stages
of sprays from the 14 pozzles tested, injected into air
at atmospheric density and room temperature. Many
details of spray structure are shown that are not dis-
cernible on the other photographs.

DISCUSSION
CHARACTERISTICS OF SPRAYS FROM THE NINE TYPES OF NOZZLES

Plain nozzles (figs. 3 to 11).—The simplest example
of a plain nozzle is a hole drilled in a flat plate. Al-
though such a nozzle is easily made and will usually
perform satisfactorily, its coefficient of discharge is
sometimes as low as 0.65. The coefficient may be
raised to values as great as 0.95 by providing a conical
approach to the nozzle bore and relieving all sharp
edges. (See reference 6.)

Sprays from this type of nozzle are conical in form.
(See figs. 3 to 6.) Data presented in reference 7 show
that the apex angle varies from 10° to 25°, depending
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on the orifice diameter, the orifice length-diameter
ratio, and the density of the air into which the sprays
are injected. Reference 7 also shows how the rate of
spray-tip penetration varies with the injection pressure,
orifice diameter, length-diameter ratio, and air density.
Increasing the orifice diameter, provided that the injec-
tion pressure remains constant, tends to increase the
rate of spray-tip penetration; it also tends to lower the
average injection pressure (reference 8) and, therefore,
the rate of spray-tip penetration. The net result will
depend on the pressure at the nozzle and on the tube
diameters for the injection system under consideration.
With the system used for the present tests, spray-tip
penetration increased with increase in orifice diameter
up to 0.030 inch and then decreased. As the orifice
length-diameter ratio is increased from 0.5 to 10, the
spray-tip penetration first decreases, then increases,
and finally decreases again. The values of the length-
diameter ratio for the maximum and minimum pene-
tration points have been determined for orifice diam-
eters from 0.008 to 0.040 inch. They vary from about
7 and 3 for the 0.008-inch orifice to about 4 and 1 for
the 0.040-inch orifice. Figures 7 (a), (b), and (¢) show
the effect of air density on the rate of spray-tip pene-
tration for sprays from the three plain nozzles used in
the present tests. Additional data on spray-tip pene-
tration and spray-cone angle may be found in refer-
ence 9.

The distribution of the fuel within sprays from plain
nozzles is very uneven. For several inches after leaving
the nozzle, most of the fuel is concentrated in & narrow
central core and is moving forward very rapidly. Sur-
rounding the core is an envelop composed of the slowly
moving fuel drops that have been torn away from the
core. After the first few inches, the distinction between
core and envelop becomes less marked as more and
more of the fuel loses most of its velocity relative to
the air. The diameter and length of the core varies
with the density of the chamber air; the core becomes
much shorter and slightly thicker with increasing air
density. (See figs. 8 and 9 and reférences 5 and 10.)

The fineness of the atomization of sprays from plain
nozzles increases with the fuel-injection velocity and
with a decrease in the orifice diameter. Tests made at
this laboratory (reference 11) indicate that neither the
orifice length-diameter ratio nor the air density has
any decided effect on fuel atomization, but tests mude
at other laboratories (references 10 and 12) indicate
that the atomization becornes finer as the air denslty
is increased. .

The two 0.020-inch orifice plain nozzles included in
the test program represent the type used in high-
speed engines in which the fuel is injected directly in
the main combustion chamber and typify the usual
limits of orifice length-diameter ratio. The nozzle
with the 0.060-inch orifice represents either the case
of a large engine with direct injection or that of a
small precombustion-chamber engine.
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Time, seocond
(a) Air density, 1 atmosphere

_ Time, second :
(b) Air density, 6 atmospheres

.005 .004 . .003 : .003 .001 - 0
. Time, second

(o) Air density, 14 atmospheres

FIGURE 3.—Fuel sprays from & plain nozzle injected into air having different densities. Orifice diameter, 0.020 inch; orifice length, 0.010 inch.
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Time, second
(a) Air density, 1 atmosphere

.005 .004 .003 .003 .001 0
. Time, second
(b) Air density, 6 atmospheres

* '-.—-’

.o . i Time, second
(o) Air density, 14 atmospheres

s

Scale, inches

Scale, inghes °

FIGURE 4.—Fuel sprays from a plain nozzle injected into air having different densities. Orifice dlameter, 0.020 inch; orifice length, 0.100 inch.
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8cale, inches

(]
" .003 .003
Time, second
(a) Air density, 1 atmosphere

Time, second
(b) Air density, 6 atmospheres

Time, second
(o) Air density, 14 atmospheres

FIGURE §.—Fuel sprays from a plain nozzle injected Into alr having different densities. Orifice diameter, 0.080 inch; orifice length, 0.180 fnch.
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(a) Plain nogzle. (b) Plain nozzle. (c) Platn nozrle.
Orifioes diameter, 0.030 inch; Orifice dismeter, 0.030 inch; ' Orifice diameter, 0.060 inoh;
~orifice length, 0.010 inch orifice length, 0.100 imoh | orifiocs length, 0.180 inoch

(d) Lip nozzle, broad (e) Lip nozzle, narrow ! Tw—impinging-jeta norzls,

side of spray side of spray : broad side of spray

. {(g) Two-impinging-jets noszle, | (h) Four-impinging-jets (1) Annular-orifice nozxle.
: parrowsideof wpray” )  mossle |~ Spray cone angle, 45°

FIGURE 6.—Photographs of the early stages of sprays from the nozzles tested. Infection pressure, 4,000 pounds per square Inch; alr density, 1at mosphero.
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The total discharge-orifice areas of the different
nozzles tested and the weights of fuel discharged per
injection are listed in table I. Notice that although
the area of the 0.060-inch orifice is 9 times that of the
0.020 by 0.010 inch orifice, its discharge weight is
only 2.6 times as great. Computations based on
these discharge weights show that the effective injec-
tion pressure for the 0.020-inch nozzle was 12 times
that for the 0.060-inch nozzle. This extreme differ-
ence in effective injection pressure is due to the fact
that when nozzles with large orifices are installed in
the injection valves used for the present tests, the flow
aren past the valve seat is much less than that through
the nozzle, so that most of the pressure drop takes
place before the nozzle is reached. (See reference 2.)

TABLE I—ORIFICE AREAS AND DISCHARGE
WEIGHTS OF 14 TESTED NOZZLES

Total Dis-
Nozzle Specifications orifice cﬁe
area Wi t
S?ﬂuan
ch Pound
Plaln i Oriﬁcb l(}llamelﬁel', 0.020 inch length, | 0.00031 | 0. 00032
Olalﬂgg 111chdiamet.e:', 0.020 inch; length, . 00031 { .00036
Oﬂﬂg fdnigineter 0.060 inch; langth, .00283 | .00084
) 7§ T, Orifice diameter, 0.014 inch.____.__._ .00015 | .00017 "
2-lmpinging-iets,._., Diameter of each orifice, 0.020 inch__| .00083 | .00058
4-impinging-jets.....| Diameter of each orifice, 0.030 Inch..| .00283 | .00075
Annular orifice...... Spray cone angle, 45°%. e eemmeeann- Varlable | . 00264
%pmy coneangle, 125°______.__.____. Varlable | .00035
Pintle oo iaaeeen. ?lwstech m motion limited to 0.048 | Varlable | 00081
V?lvc‘]a]-stem motion limited to 0.015 | Variable | . 00053
Multiple orifice_ ... Two 0.019 inch, two 0.014 Inch, and . 00160 | .00074
two 0.008 Inch diameter orifices
31 S, Sl}]tJ ;gngth 0.035 inch; width, 0.008 | .00068 | .00019
Combination mul- } Cylindrical orifices as in mu]tlp]e- . 00122 | . 00087
tll)le orifice and orifice slit width, 0.005 in
Centrifugal. .. 013%(1:3 idlametm', 0.020 inch; length, .00031 | .00015
Oylindrical orifice | Orifice dlameter, 0.040 Inch; grooves, .00146 | . 00081
with grooves. 0.010 inch square. |

Photographs were also taken of sprays from the
0.020 by 0.100 inch orifice impinging on a glass plate
placed 3 inches away from the nozzle, and set at 90°
and at 45° to the spray axis. As figures 10 and 11
show, there was little reflection of the spray from the
plate, most of it spreading out along the surface of
the glass. In figures 10 (b) and 10 (c) the spray may
be seen turned a second time by the chamber walls
so that it moves backward toward the nozzle.

Because of the poor distribution of the fuel in
sprays from nozzles having single cylindrical orifices,
they are generally used only in engines of the pre-
combustion-chamber type or in direct-injection en-
gines having a rapid air movement past the nozzle,
which distribute the fuel throughout the combustion
chamber.

Lip nozzles (figs. 6, 8, and 12).—The photographs
of figure 12 show that the fuel does not rebound from -

the lip to any great extent but is spread out into a
wedge-shaped sheet of spray extending in the same
direction as the lip surface. When figure 12 (a) was
taken, the injection valve was set at such an angle

-the plasticine.
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that the plane of the spray was at right angles to the
camera axis. The construction of the glass-sided
pressure chamber used when the sprays were photo-
graphed in air at densities above atmospheric pre-
vented the photography of the sprays at this angle
when they were injected into the chamber. Iigures

12 (b), (¢), and (d) show the narrow sides of the

sprays. Notice how closely they follow first the lip
surface and then the chamber wall. The cores of the

-sprays haye the form of a narrow sheet and break up

close to the lip. The fuel is fairly well distributed
across the sprays, as is shown by the impressions in
(See ﬁg 8 (b).) The different angles
at which the impressions appear in the photographs
do not signify any twisting of the sprays but are

‘merely & result of the manner in which the plasticine
targets were assembled for photographing.

Distances
to the targets were measured from the end of the lip.
Spray-atomization tests made with the nozzle shown
in figure 1 (b) and described in reference 11 showed

‘that impingement had no effect on the size of the fuel

drops. Although lip nozzles produce sprays similar
to those from slit nozzles, the round orifice of the
former is less likely to become clogged than a narrow
slit and erosion of the orifice will have less effect on
the shape of the spray. Lip nozzles have not been
used to any great extent. In most applications
where a spray of such a form is desired, multiple-
orifice nozzles having two or more round orifices are
used. Three cases in which lip nozzles were used are
described in references 13, 14, and 15.

Impinging-jets nozzles (figs. 6 to 9 and 13 to 156).—
Nozzles of the impinging-jets type have plain round
orifices whose axes intersect at a point close to the
nozzle. Two such impinging jets form a flat spray
at right angles to the plane through the orifices and
four impinging jets form a thick conical spray. Pre-
liminary experiments on impinging-jets nozzles con-
ducted at this laboratory (reference 16) showed that
the jets should be smooth and uniform in size, that

they should impinge close to the orifice, and that an

angle of 74° between the jets resulted in a well-
dispersed spray. Tests reported in reference 11
showed that sprays from the same impinging-jets
nozzle used in the present tests have very good fuel
distribution but poor atomization and penetrating
power. Poor -atomization is probably not a charac-
teristic of impinging jets, however, but in this particu-
lar case may have been due to the large volume of the
passages in the nozzle between the stem seat and the
orifices and to the severe bouncing of the valve stem
after cut-off.

Figures 13 and 14 show the wide and the narrow
sides of sprays from the nozzle having two 0.020-inch
impinging jets. The cores of these sprays are approx-
imately elliptical in section and disintegrate very close
to the nozzle, as shown by the impressions in the
Plasticine targets (fig. 8 (¢)). Notice that a large
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increase in the air density has little effect on the spray
core. Notice also that an increase in the air density
results in a small increase in the size of the spray core
in contrast to the effect on the cores of sprays from
plain nozzles.

Photographs of sprays from a nozzle having four
0.030-inch impinging jets are shown in figure 15.
Tigure 8 (d) shows that the spray cores are circular
in section, persist a little longer than those in sprays
from nozzles with two impinging jets, and increase
somewhat in size and length with increasing air
density. The large total-orifice area of the four-jets
nozzle caused the effective injection pressure to be low.
The valve stem was not held away from its seat during
the entire injection period, resulting in an intermittent
fuel discharge. No measurements of the coefficient
of discharge of impinging-jets nozzles have been made
at this laboratory but the data in table I indicate that
they are somewhat less than for plain nozzles of the
same total-orifice area. No engine tests have been
made with the four-jets nozzle but the two-jets type
has been used with good results in a 2-stroke-cycle
spark-ignition engine in which fuel injection took place
before the start of the compression stroke (reference
17). The use of impinging-jets nozzles will probably
be limited to cases where the air density at the time
of injection is quite low or where directed air move-
ment is employed.

' Annular-orifice nozzles (figs. 6 to 9 and 16 to 18).—
Most annular-orifice nozzles are built integrally with
their injection valves, the valve stems having enlarged
ends on which the seating surfaces are located. The
spray may be in the form of a hollow cylinder or a
hollow cone of any angle desired. The width of the
nozzle orifice, and therefore that of the spray core,
vanes with the injection pressure; but the cone angle
of the spray as it leaves the nozzle is unchanged The
distribution of the fuel in such sprays is good, provided
that the valves and nozzles are in excellent mechanical
condition. Erosion of the orifice walls by grit in the
fuel is particularly serious for the opening is so narrow
that even slight scoring upsets the fuel distribution.
The orifice walls are usually also the valve-seating sur-
faces and scoring of them prevents tight seating An-
other common cause of poor fuel distribution is eccen-~
trlc1ty of the valve stem. Both of these faults are
illustrated by the photograph in figure 18 (a), which is
o view taken along the axis of the nozzle shown in
figure 1 (¢). This nozzle had been used for about 100
hours before the photograph was taken. When it was
new, the sprays from it were much more uniform and
concentric. (See reference 18.)

The two valves having annular orifices were operated
at the same injection pressure as all the other valves
(4,000 pounds per square inch), but the valve-opening
pressure for these valves was about 1,000 pounds per
square inch and the initial pressure used was about 500
pounds per square inch. The conical cores of the
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sprays disintegrated close to the nozzles. Increasing
the air density from 1 to 14 atmospheres reduced the
cone angle of the spray cores from the 45° nozzle to
about 35° and reduced the cone angle of the envelop
to a lesser extent. Another effect of increasing the air
density was to cause more of the fuel to be deflected
into the space inside the hollow conical core. The
sprays were unsymmetrical, probably owing to eccen-
tricity of the valve stems.

The use of sprays from annular orifices in compres-
sion-ignition engines seems to be decreasing. One
favorite arrangement is to place a wide-angle nozzle
directly over the center of the piston, thus reducing
to a minimum the distance the spray must travel.
Annular-orifice nozzles have been used in spark-igni-
tion engines for the injection of both gasoline and fuel
oil (reference 19). In these engines the injection takes
place during the intake stroke or during the early part
of the compression stroke. As there is more time for
the mixing of the fuel and the air, good distribution of
the fuel in the sprays is not so important as with com-
pression-ignition engines.

Pintle mnozzles (figs. 7, 9, 18, 19, 20, and 21).——
Pintle nozzles are also known as “pin’” nozzles. Al-
though many of them have annular orifices, they are
discussed as a separate type because the sprays they
produce are not like those from large-diameter annular
orifices. Pintle nozzles are modifications of the plain
type, a projection on the valve stem extending through
the orifice so that an annular space is formed. The
projecting part may be cylindrical, conical, or it may
be smallest at the orifice exit, expanding beyond this
point. The pintle in the nozzle tested is of this last
mentioned style, with an expansion angle of 20°.

When the stem is barely lifted from its seat, the fuel
is directed against the pintle by the conical approach
to the orifice and is then deflected by the surface on the
end of the pintle so that it leaves in the form of a
hollow cone having an angle determined by that of the
pintle surface. As soon as the stem lifts a little more,
however, the cone angle of the spray decreases and
the major part of the fuel charge leaves the nozzle at
an angle only slightly greater than would be the case
were the pintle not present. A study of figure 1 (f),
including the enlarged views with the stem lifted 0.015
and 0.038 inch, will help to clarify this point. As the
stem returns to its seated position at the end of the
injection period, the spray angle increases. These
changes in spray angle are clearly shown in figure 19 (a),
the spray angle being greatest at the beginning and
end of the injection period.. This difference is much
reduced when the air density is increased. The
changing spray angle is strikingly illustrated in figure
19 (d). In this case the valve-opening pressure was
reduced to 3,000 pounds per square inch with the
result that the valve opened sooner and closed after
about 0.0038 second, reopened quickly and closed
again at about 0.005 second, opened for the third time
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(c) Pintle nozzle., Valve-stem motlon
limited to 0.015 inch

(a) Annular-orifide nozsls. Bpray cone (b) Pintle nozzle. Valve-astem motion
angle,136%,View of end of injection valve limited to 0.046 inch

(d) Multiple-orifice . {e) 814t noxzle, broed (£} 81it nozzle, narrow
nozgle side of spray sgide of svray

{g) Centrifugal - {h) Combination multiple-orifice (1) Hozzle with helical grooves in

nozsle and slit nozzle °* the orifice walls .

FIGURE 18.—Photographs of the garly stages of sprays from the nozzles tested. Injection pressure, 4,000 pounds per square inch: air density, 1 atmesphere.
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FIGURE 21.—Impressions made In plasticine targets by fuel sprays from a pintle nozzle. Variables are air density. distance from nozzle to target, and stem-stop sett{ng.
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and finally closed shortly after 0.006 second.
reference 2.)

A comparison of the photographs in figure 19 with
those of sprays from two other nozzles of the same
style but with pintle angles of 8° and 30° (reference 20)
showed that, although in air at atmospheric density
the spray angle increased with increasing pintle angle,
the difference decreased as the air demsity was in-
creased until at 18 atmospheres the sprays were nearly
alike. The rate of spray-tip penetration for sprays
from pintle nozzles of the style tested at this labora-
tory increases slightly with decreasing pintle angle and
is about the same as that for sprays from corresponding
plain nozzles.

All the previously mentioned tests with the pintle
nozzle were made with the movement of the valve
stem limited to 0.046 inch, the condition under which
this valve is ordinarily used. The interesting varia~
tion in spray angle with stem lift led to the installation
of a screw stop to limit the lift to values less than
0.046 inch. Figure 20 shows the appearance of sprays
from the pintle nozzle with the stem lift limited to
0.015 inch. The spray in air at atmospheric density
remained at an angle of about 20° throughout the
injection period, but in air at densities of 6 and 14
atmospheres the spray appeared to be very much like
those made with the stem motion limited to 0.046 inch.

The results of the plasticine target tests made with
pintle-nozzle sprays are particularly interesting and
help to explain their unusual behavior. Figure 21 (a)
shows how the distribution of the fuel in the spray
close to the nozzle changes with air density and with
different limitations of the stem motion. Notice that
in air at atmospheric density, as the limit of the stem
motion is increased, the fuel distribution shifts from
ono extreme to the other;in air at o density of 6 atmos-
pheres the change is much less; at 14 atmospheres
there is almost no change. Impressions were also
obtained with the stem lift limited to 0.038 inch; but
they were the same as those made with a stem Lift of
0.046 inch, indicating either that the stem does not
lift higher than 0.038 inch under these injection con-
ditions or, if it does, that further lift has no effect on
the spray. The other groups of targets (figs. 21 (b),
(¢), and (d)) show the distribution of the fuel at
different distances from the nozzle, with the stem
motion limited to 0.015 inch and 0.046 inch, in air at
densities of 1, 6, and 14 atmospheres.

Pintle nozzles have attained widespread use in
light, high-speed, compression-ignition engines, espe-
cially those with divided combustion chambers and
those having high-velocity air flow.

Multiple-orifice nozzles (figs. 7, 18, 22, and 28).—
In a quiescent combustion chamber, the fuel sprays
must be distributed to all parts of the chamber. The
most satisfactory type of nozzle thus far developed for
this purpose is one containing a number of small cylin-
drical orifices. The large amount of data available on

(See
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the characteristics of sprays from such orifices makes it
possible to design multiple-orifice nozzles that will
perform satisfactorily in combustion chambers of many
different forms. In the multiple-orifice nozzles used
at this laboratory, angles of 20° to 30° between the
axes of the separate jets have been found to give good
results (reference 21). Very small orifices have been
added between the larger ones for the purpose of sup-
plying fuel to the air close to the nozzle and their use
has resulted in a slight gain in engine performance but
the gain is not considered sufficient to justify the added
complication of the nozzle (reference 22). Reducing
the angle between the individual sprays, thus elimi-
nating the blank spaces between them, has not resulted
in any improvement in engine performance. The use
of a nozzle having 16 orifices in 3 planes, and a fuel
pump having & very high rate of discharge, resulted in
poor engine performance. Such results as these show
that multiple-orifice nozzles that appear from spray
photographs to give good fuel distribution do not always
give good engine performance. Experiments have
shown that in nozzles of the type shown in figure 1 (g)
the small side orifices must be made larger than would
be indicated by the amount of air they are to serve,
probably because the pressure of the fuel at these
orifices is reduced after injection begins by the flow of
fuel past them toward the larger orifices (reference 23).

Slit nozzles (figs. 7, 9, 18, 22, 24, and 25).—Slit
nozzles dre similar in construction to plain nozzles, a
narrow slit taking the place of the cylindrical orifice.
The characteristics of the spray are quite different,
however, resembling in many respects those of sprays
from lip and annular-orifice nozzles. The shape of the
sprays depends on the dimensions of the slit and on
the form of the passage between the stem seat and
the slit. Tests made at this laboratory have shown
that, if the bottom of the cylindrical passage between
the valve seat and the orifice is made conical instead
of flat, the spray core tends to separate into two
widely divergent jets. The width of the spray may be
increased without this separation by making the bot-
tom of the passage spherical with its radius about twice
that of the cylindrical passage. The photographs of
figures 24 and 25 show that the sprays from the slit
nozzle tested were not symmetrical in either plane,
probably owing to the fact that the plane of the slit
was not quite parallel to the axis of the nozzle. The
nozzle was rotated 180° between the time of taking
figures 25 (b) and 25 (¢). The shapes of the cores of
the sprays from the slit nozzle tested are indicated
by the plasticine target tests (fig. 22 (b)). The im-
pressions are very ragged and show that the plane of
the core twisted through an angle of about 50° after
leaving the nozzle. In the photograph the targets are
arranged to show this twisting, the plane through the
slit being parallel to the row of targets in each case.
When making the cross-sectional sketches of the sprays
from the slit nozzle (fig. 9 (h)), the cores were assumed
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FIGURE 25.—Fuel sprays from a slit nozzle injected Into air having different densitles. Narrow side of spray shown.
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F1GURE 28.—Fuel sprays from a nozzle with helical grooves in the orifico walls injected into alr having different densities,
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to have remained parallel to the slit. The dimensjons
of the spray cores were obtained from the plasticine
targets but the corresponding true dimensions of the
envelops could not be obtained from the spray photo-
graphs, For the wide views the envelops were drawn
as they appeared in the photographs but for the
narrow views they were assumed to have the same
appearance as sprays from the 0.020-inch orifice plain
nozzle.

Slit nozzles are used where a simple design is desired
but where the sprays from a plain nozzle would pene-
trate too far. The fuel distribution in sprays from
slit nozzles being easily changed by scoring of the
orifice walls or by clogging of parts of the narrow slit,
particular care should be taken to keep the fuel clean.

Centrifugal nozzles (figs. 7, 9, 18, 22, and 26).—
With centrifugal nozzles, s rotary motion is imparted
to the fuel by helical grooves on the valve stem
causing the spray to expand immediately on leaving
the orifice. The spray angle increases as the pitch
of the grooves is decreased, as the ratio of the orifice
area to groove area is increased, as the orifice length-
diameter ratio is decreased, and as the air density is
decreased. Some centrifugal nozzles are so con-
structed that the amount of whirling of the fuel may
be increased as the engine load is increased. The rate
of spray-tip penetration is considerably less than with
plain nozzles, decreasing in general as the spray angle
increases. Both spray angle and spray-tip penetra-
tion increase as the areas of both the orifice and
grooves are increased proportionately, and a slightly
higher rate of penetration is obtained when the valve
seat is located between the grooves and the orifice,
rather than above the grooves. (See references 4, 7,
24, and 25.)

Sprays from the centrifugal nozzles used at this
laboratory are composed of two parts. At the begin-
ning of each injection period, & small portion of the
fuel charge is injected without any rotary motion.
This fuel was probably left in the nozzle between the
grooves and the orifice at the end of the preceding
injection and it forms a spray similar to those from
plain nozzles. The rest of the fuel charge is injected
with rotary motion and spreads out into a hollow
cone surrounding the earlier nonrotating spray. The
two parts may be seen distincily in the photographs
of figure 26.. Apparently very little fuel is contained
in the nonrotating spray for, although its initial
velocity is high, its penetrating power is low, and it is
soon overtaken by the main discharge. In figure 7 (1)
two sets of curves are given for the penetration of the
centrifugal sprays, corresponding to the two parts of
the sprays. The dashed lines represent the non-
rotating part and the solid lines represent the rotating
part. Figure 22 (c) shows that the two parts of the
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spray have distinct cores. After they have broken
up, the distribution of the fuel in the sprays improves
considerably.

The popularity of the centrifugal-type nozzle is
apparently decreasing. Their very low coefficients of
discharge (reference 6), low rate of spray penetration,
and poor atomization of the fuel (reference 11) make
them less suitable for high-speed, compression-ignition
engines than other types of nozzles. They are suited
to spark-ignition engines using fuel-injection systems,
but other types of high-dispersion nozzles serve as
well and are less complicated. A comparison of the
discharge weights from the centrifugal nozzle and
from a plain nozzle of the same orifice area (see
table I) indicates the large difference in the discharge
coefficients of the two types.

Nozzles that are combinations of two types (figs. 7,
9, 18, 27, and 28),—Photographs of sprays from plain
and multiple-orifice nozzles show that very little fuel
ig delivered to the air near the nozzle, most of it going
to the farther side of the combustion chamber. Among
the injection nozzles tested at this laboratory in an
attempt to correct this situation there have been
three in which plain orifices were combined with
nozzles having low penetration and high dispersion.

Photographs of sprays from a combination of
multiple-orifice and slit nozzles are shown in figure 27,
the plane of the slit and the axes of the cylindrical
orifices being coincident. It is apparent from the
photographs that this nozzle delivers more fuel to the
air near the nozzle than does the multiple-orifice type,
especially at the higher air densities. As both the
photographs and a comparison of figure 22 (a) and
figure 22 (d) will show, the angle between the jets from
the cylindrical orifices has been altered even though
the angles between the orifices themselves remained
the same. Several nozzles of the multiple-orifice and
glit type were made and tested on an engine having a
quiescent combustion chamber of the vertical-disk
form. Preliminary test results were not encouraging
and further test work was postponed.

A nozzle containing both multiple orifices and
impinging jets is described in reference 16, which also
contains photographs of sprays produced by it. Two
impinging and two nonimpinging jets were used, the
discharge area of the latter being 2.25 times that of the
former. The photographs showed that the spray
produced by the impinging jets became entrained in
the higher velocity sprays from the nonimpinging jets
so that little fuel remained near the nozzle. Tests
made with this nozzle in a compression-ignition engine
having a vertical-disk form of combustion chember
gave inferior results as compared with those when
multiple-orifice nozzles were used. The engine deto-
nated readily and the performance was poor.
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A nozzle having helical grooves cut in the walls of
its cylindrical orifice was made and tested to deter-
mine whether such grooves would impart sufficient
rotation to the fuel jet to increase its cone angle.
If such were the case, the principle might be of use in
multiple-orifice nozzles, the construction of which
prevents whirling the fuel before it reaches the orifices.
The spray photographs in figure 28 and the photo-
graphs of the plasticine targets (fig. 22 (e)) show that
the spray did not rotate as a whole and that, although
the cone angle is somewhat greater than for sprays
from grooveless orifices of the same dimensions, the

difference is due rather to increased turbulence of the

fuel than to centrifugal force. The small sprays at
the base of the main sprays are the discharges from
the ends of the two helical grooves. The rate. of
spray-tip penetration was reduced by the presence
of the grooves, as the curves of figure 7 (m) show.
The dashed line of that figure shows, for comparison,
the tip penetration of a spray from a grooveless orifice
of the same dimensions in air at & density of 14
atmospheres.
SOME OTHER NOZZLES AND INJECTION VALVES

The nozzles and injection valves herein described
include representatives of most of the types commonly
used at the present time. A great many variations of
the pintle and annular-orifice types of nozzles have
been used, as well as of the impinging-jets, slit, and
centrifugal types. (See reference 26.) Injection
valves have been used in which steel diaphragms took
the place of springs, either allowing the nozzle to
move away from the stationary stem (reference 25)
or allowing the stem to move away from the nozzle
(reference 26). Amn injection valve having two con-
centric lapped stems set to open at different fuel
pressures and opening up separate orifices in the
nozzle has been made and tested at this laboratory
(reference 27).

EFFECT OF AIR FLOW

All the spray photographs shown in this report were
made with the air motionless. The air in some com-
bustion chambers may, for practical purposes, be
considered motionless but in many other cases the
sprays are injected into air having a high velocity.
Tests of the effect of air velocities up to about 60 fest
per second on fuel sprays are reported in reference 28.
Other tests using air velocities up to 800 feet per
second are reported in references 29 and 30, and the
effect of air velocities up to 27 feet per second on the
distribution of fuel following injection ecut-off 1s
reported in reference 31. The tests showed that air
moving at 60 feet per second or less will blow the
envelops away from the cores of sprays during the
injection period and will help to distribute all the fuel
throughout the combustion chamber after injection
cut-off. Air velocities of the order of 300 feet per
second were necessary, however, to break up the
spray cores during the injection period.
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EFFECT OF AIR AND FUEL TEMPERATURES

All the photographs shown in this report were made
with the air and fuel at room temperature. Some
photographs showing the effects of air and fuel tempera-
tures on fuel sprays, at an air density of 1 atmosphers,
are reproduced in reference 32. Photographs of fuel
sprays in the N. A. C. A. spray-combustion apparatus
(reference 29) show their behavior in air at engine
temperatures and pressures. The rate of spray-tip
penetration is decreased slightly by heating the air
and considerably more so by heating the fuel (reference
32). Raising the temperature of the air assists in the
dispersion of the fuel throughout the combustion
chamber and causes an appreciable amount of the
fuel to be vaporized during the injection period.
(See reference 33.) ’

EFFECT OF DIFFERENT FUELS

The fuel used for all the sprays shown in this report
was a commerciel diesel fuel. Spark photographs of
sprays of gasoline, kerosene, diesel oil, and heavy fuel
oil from both plain and centrifugal-type nozzles have
been made at this laboratory, and the results are given
in reference 4. 'The spray penetration was found to
increase slightly and the spray cone angle to decrease
slightly with increasing specific gravity of the fuel.
Photographs of diesel-fuel and gasoline sprays made
at low injection pressures and air densities (reference
34) show little difference in penetration rates or general
appearance. Photographs of diesel-fuel and safety-
fuel sprays in the N. A. C. A. spray-combustion
apparatus (reference 29) show that the diesel fuel
penetrated faster than the safety fuel. Photomicro-
graphs of sprays of six different liquids are shown in
reference 35. Measurement of the drop sizes led to
the conclusion that the average drop diameter increases
with increases in fuel viscosity or surface tension.
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